The zebrafish (Danio rerio) is a model vertebrate widely used to study disease, development 19 and other aspects of vertebrate biology. Most of the research is performed on laboratory 20 strains, one of which has been fully sequenced in order to derive a reference genome. It is 21 known that the laboratory strains differ genetically from each other, but so far no genome-22 scale survey of variation between the laboratory and wild zebrafish populations exists. 23 Here we use Restriction-Associated DNA sequencing (RAD-seq) to characterize three 24 different wild zebrafish lineages from a population genetic viewpoint, and to compare them to 25 four common laboratory strains. For this purpose we combine new genome-wide sequence 26 data obtained from natural samples in India, Nepal and Bangladesh with a previously 27 published dataset. We measured nucleotide diversity, heterozygosity, allele frequency spectra 28 and patterns of gene conversion, and find that wild fish are much more diverse than laboratory 29 strains. Further, in wild zebrafish there is a clear signal of GC-biased gene conversion that is 30 missing in laboratory strains. We also find that zebrafish populations in Nepal and 31 Bangladesh are distinct from all the other strains studied, making them an attractive subject 32 for future studies of zebrafish population genetics and molecular ecology. Finally, isolates of 33 the same strains kept in different laboratories show a clear pattern of ongoing differentiation 34 into genetically distinct substrains. Together, our findings broaden the basis for future genetic 35 and evolutionary studies in Danio rerio. 36 37 65
Introduction 38
Zebrafish (Danio rerio) is a small fish native to freshwater bodies of the subtropical India, 39 Nepal and Bangladesh (Whiteley, et al. 2011; Parichy 2015) . In laboratory conditions the 40 zebrafish breed often, produce many offspring, are relatively easy to grow and have Population structure of laboratory and wild zebrafish 117 According to how the data were collected -five laboratory strains, three wild populations and 118 one wild-derived population (CB) -we expected that an admixture analysis would yield a 119 likelihood peak for nine populations. However, admixture analysis revealed that the samples 120 likely come from 13 subpopulations instead. CB appeared as a mixture of three distinct individual of the strain/population (below the diagonal). This correlates strongly with genetic distances 130 (above the diagonal). (C) Unrooted Maximum Likelihood tree, generated with 1,000 bootstrap 131
replicates. 132
We plotted as heatmaps different measures for mean pairwise genetic distances between 133 populations ( Figure 2B , Supplementary Data S1). Wild fish from India (UT) appeared 134 genetically very close to all the laboratory strains in the study. AB was found to be closely 135 related to both TU isolates, however, TU_2018 is much more differentiated from other strains 136 than AB or TU_2014 ( Figure 2B) . Among the wild fish, CHT and KHA have hundreds of 137 7 fixed non-synonymous differences from the other populations (Fig 2B, Supplementary Data 138 S2). Three protein-coding genes were observed to have fixed non-synonymous differences 139 between the two WIK isolates, resulting in the amino acid changes 79Glu->Lys in chitin 140 synthase (chs1; dbSNP id rs507105222), 559Glu->Gly in DNA polymerase eta (polh, dbSNP 141 ID rs502489776) and 2133Leu->Gln in dystonin (dst, no dbSNP id for the SNP).
142
A phylogenetic tree constructed with these population assignments revealed a clear separation 143 of KHA and CHT (Whiteley, et al. 2011 ) from the rest (Figure 2C ). AB and the two TU 144 isolates appear closely related to each other; a similar pattern could be observed for the WIK 145 isolates and for all three CB subgroups. EKW and Nadia appear be monophyletic in the tree, 146 albeit with less bootstrap support ( Figure 2C ). 147 Four populations/strains had fixed nonsynonymous substitutions not present elsewhere in the 148 data (Supplementary Data S2). These included 48 positions in CHT and 34 in KHA, but also 149 one in the EKW strain (330Asp->Asn in the lipase maturation factor lmf2a) and another in the 150 2018 isolate of WIK (109Ala->Glu in tanc2, a gene for which the mouse knockout is 151 embryonic lethal (Han, et al. 2010) ). No sequence data were available for the locus in the 152 2014 isolate of WIK, likely resulting from allelic dropout (Andrews, et al. 2016 ).
153
Within-strain genetic diversity is higher in the wild zebrafish than in the 154 laboratory strains 155 At the population level, clear differences could be observed between zebrafish from the wild 156 and the laboratory strains. We calculate three different estimators (θ π , θ w and θ 1 ) of the scaled 157 mutation rate, θ. All had much higher values in the wild fish and in CB than in the laboratory 158 strains, including the "newer" strain Nadia. In most cases we observe a θ π value of around 159 0.003-0.007 (0.3%-0.7%), with laboratory strains at the lower end of the scale (Figure 3A) . 160 This is consistent with previous studies that estimated the genetic diversity in zebrafish to be 161 at around ~0.5%, with wild fish being more diverse than laboratory strains (Guryev, et al. 
163
Other estimators of θ are in approximately the same range. In KHA and CHT the value of θ π 164 is similar to what is observed for laboratory strains. Among the laboratory strains, the TU 165 isolate from 2018 (TU_2018) showed the least diversity -less than 0.2% for all estimators 166 ( Figure 3A) . In contrast, WIK_2018 is more diverse than WIK_2014. closely follows the expectations (black line). In contrast, laboratory strains have a lack of low 229 frequency alleles, with the most inbred strain (TU_2018) demonstrating a nearly flat spectrum. These 230 spectra look similar for G/C->A/T and A/T->G/C substitution types. In the laboratory fish and the 231 "newest" laboratory strain Nadia, biases can be seen for the substitutions that change GC-content, with 232 A/T to G/C substitutions being more common among high frequency variants and G/C to A/T among 233 low frequency variants. In UT and CHT the observed values are generally close to expected. The 234 irregular shape of spectra for these two populations is caused by the uneven distribution of genomes 235 among the bins, resulting from relatively small sample sizes. In the KHA population from Nepal, 236 numerous alleles that are rare in other populations are present at high frequencies. Populations with 237 significant differences between the A/T -> G/C and G/C -> A/T spectra are marked with an asterisk 238 (*). n=number of available genomes. 239
In all the laboratory strains the spectra are characterized by depletion of low frequency alleles 240 and an increase in the proportion of medium and high frequency alleles, compatible with a 241 high amount of inbreeding and a strong decline of effective population size upon establishing 242 laboratory strains. This effect appears to be the weakest in EKW and Nadia. Nadia is a newer 243 strain that, at the time the sequence data were obtained, had spent only 8 generations in the Figure 4) . Chi-square test reveals significant differences between the two spectra in 259 WIK_2014 and in TU_2018, however the spectra themselves are not consistent with gBGC.
260
In the wild fish, as well as in the Nadia strain the p-value obtained from a chi-square test is 261 highly significant (p < 2.2e-16) and a clear bias for G/C to A/T can be seen for low frequency 262 alleles. For high frequency alleles, the pattern A/T to G/C is reversed, still compatible with 263 the presence of gBGC (Glemin, et al. 2015) .
264
In the population CB, more complicated and unusual results were observed. CB includes three 265 subpopulations and within each one of them, there are a large number of SNPs heterozygotic 266 in every individual (H I = 1); up to 5% of all polymorphic sites in the (sub)population 267 (~3,000/60,000 for CB1 and CB3). This is in contrast to the 1-200 such sites that are seen in 268 all the other strains (in CHT and KHA, 0.2% of all polymorphic sites). Under Hardy-
269
Weinberg equilibrium, this is highly unlikely; for a SNP with 50% frequency, the probability 270 of it being heterozygous in the entire sample is 1/(2 n ). Balancing selection can be also ruled 271 out because these heterozygotic sites are evenly distributed in the genome. In addition, the 272 number of singletons is much smaller than expected with θ, both in the entire CB and in 273 subpopulations. 274 We propose that both phenomena are caused by the fact that CB is a F 1 generation after a Assuming the genetic diversity of the wild parents of CB are similar to CHT, the expected 282 number of all-heterozygote sites within the offspring of one breeding pair is ~2,000, which is 283 on the same scale as the actual number of 3,000. The rarity of singletons can also be explained 284 by the fact that any SNPs must have at least an allele frequency of 25% in the parent 285 generation (because there are only four genomes in the breeding pair) and it is unlikely that 286 only one F 1 genome inherited the 25% allele.
287
In conclusion, these results are consistent with CB being the F 1 generation of three separate 288 breeding pairs (three clutches of eggs). Given enough time, the descendants of CB will likely 289 have the genetic structure of the established laboratory strains, the genomes of which contain 290 sequence segments of high and low heterozygosity resulting from strong reduction in 291 population size and inbreeding. (Supplementary Data S3, Supplementary Data S4) . 295 We confirmed that laboratory strains have lower genetic variation than wild populations and 296 that most (~60%) of the variants in the dataset are only found in the wild. Because of the 297 focus on zebrafish laboratory strains in the past, only a small fraction of the identified SNPs 298 have been previously described. As a strain becomes more homogenous during breeding in 299 the lab, variants become fixed or lost, which was seen from both reduced heterozygosity of The second major difference between laboratory and wild zebrafish is in the biases in 309 nucleotide composition that could be detected by studying the allele frequency spectra. In 310 many species there are two opposing factors driving the nucleotide composition. The G/C -> 311 A/T bias affects mainly alleles at low frequencies and is caused by cytosine deamination 312 being the most common type of mutation. The A/T -> G/C bias is thought to be based on a 313 different mechanism: during recombination, G/C rich alleles are preferred to the A/T rich 314 alleles; the fine balance of these two mechanisms has a large impact on the genome 315 composition. This effect can be difficult to distinguish from actual selection and has been 316 mostly studied in mammals (Duret and Galtier 2009 ). However, it is also known to operate in 317 many other taxa including land plants and bacteria (Mugal, et al. 2015) . To our knowledge the 318 GC-biased gene conversion in fish has so far only been explored in the three-spined 319 stickleback (Capra and Pollard 2011; Roesti, et al. 2013 ) and never in Cypriniformes, the most 320 speciose order of freshwater fishes (Nelson, et al. 2016 ). Here we show that the mechanism 321 would be difficult to study in laboratory strains because GC-bias was not detectable. This can 322 possibly be explained by the reduction of variant sites seen in the inbred laboratory strains -323 GC-biased gene conversion is a feature of recombination and can thus only operate on sites 324 14 that have previously already become polymorphic via other mechanisms (e.g. mutation). 325 Indeed, the bias can be observed in the Nadia strain, which was obtained more recently than 326 the other laboratory strains of this study and has hence more polymorphic sites.
Differences between wild and laboratory zebrafish

327
What can we learn from the analysis of wild zebrafish? 328 As exemplified by the GC-biased gene conversion, it is apparent that some biological 329 mechanisms cannot be studied in most of the laboratory strains due to their inbred nature.
330
Among the wild zebrafish used for the current study, the Nepal KHA and Bangladesh CHT 331 populations are less diverse than those caught or recently derived from North-East India (UT 332 and CB). In addition, a surprisingly high number of derived alleles occurred at high frequency 333 or were fixed in KHA. It is possible that, just like the laboratory strains, these populations 334 have undergone a recent genetic bottleneck. Both KHA and CHT have many high frequency 335 and fixed differences from the other fish in the dataset on both nucleotide and amino acid 336 levels. At least some of those alleles have never been studied before, yet most likely provide 337 the animals a selective advantage in their current habitat.
338
The populations in North-East India had a substantially higher proportion of polymorphic 339 sites than any of the laboratory strains or the fish from Nepal and Bangladesh. This is likely are genetically distinct enough to be considered substrains. Although this can be seen with 357 both TU and WIK, there are some differences in the patterns observed. TU from 2018 is the 358 most homozygous strain in the study, whereas the TU from 2014 appears to be much more 359 heterozygous. Conversely, WIK from 2014 appears more homozygous than WIK from 2018 360 and the two have fixed different amino acids in at least some proteins, which is not the case 361 for TU.
362
The genetic distance between AB and the TU substrains was found to be nearly as small as 363 the distance between the two TU substrains themselves. Considering that AB was obtained (Wilson, et al. 2014 ). Compared to AB/TU/WIK, EKW and Nadia have more 377 variants and not as flat derived allele frequency spectra, thus they can be considered more 378 "wild-like". However, the profile of G/C->A/T and A/T->G/C biases characteristic of wild 379 fish is only present in Nadia and not in EKW.
380
In summary, this study reveals that while laboratory strains of zebrafish are an excellent 381 model for vertebrate biology, it would be of great interest to include wild populations into 382 more studies. They have more genetic diversity, biologic mechanisms not apparent from 383 studying the laboratory strains (as exemplified by GC-biased gene conversion in the current 384 study) and have distinct populations with their own preferred habitats and adaptations. 385 Furthermore, one of the arguments for working exclusively with laboratory strains -386 reproducibility -does not always hold true. What is thought to be the same strain in two 387 16 different laboratories may have already evolved into their own distinct substrains, as we 388 observed for both TU and WIK in the current study.
389
Materials and Methods
390
Samples and datasets 391 The collection of wild zebrafish from India (UT), Bangladesh (CHT) and Nepal (KHA) has 
445
We determined three estimates of the scaled mutation rate θ=4Nμ, Tajima's estimator θ π 446 (Tajima 1989), Watterson's estimator θ w (Watterson 1975 ) and θ 1 , an estimator of θ based 447
